Werdnig-Hoffmann disease is a common autosomal recessive neuromuscular disorder that results in paralysis and death.
The childhood spinal muscular atrophies (SMA) are characterised by degeneration of anterior horn cells of the spinal cord, leading to progressive symmetrical paralysis of the limbs and trunk associated with muscular atrophy. They are the second most common autosomal recessive disease after cystic fibrosis.' Clinical heterogeneity of the different types of the disease in childhood has long been recognised. The childhood form is classically subdivided into three groups, acute Werdnig-Hoffmann (type I), intermediate Werdnig-Hoffmann (type II), and Kugelberg-Welander disease (type III), on the basis of a combination of age of onset, developmental milestones, and age of survival. 2 The underlying biochemical defect of this devastating paralysing disorder remains unknown and there is no treatment to prevent this disease or to alter its unremitting course. Many families wish to have prenatal diagnosis for subsequent pregnancies. Until recently, no test was available for diagnosis of SMA in families with a 1 in 4 risk of recurrence.
Recently, using genetic linkage analysis, the gene responsible for the three forms of SMA has been mapped to chromosome 5q and five markers, including two flanking DNA probes (M4 and p105-153Ra), are closely linked to the SMA locus.37 These genetic markers (in the form of DNA polymorphisms shown by restriction endonuclease analysis) are potentially useful for prenatal diagnosis in families with at least one affected child.
Here, we report our preliminary experience with prenatal diagnosis of SMA in seven families using the linked probes on chorionic villi and amniotic fluid during the first and second trimesters of pregnancy.
Families
Only two of the seven families had living children with Werdnig-Hoffmann disease. Blood samples were available for the other affected children who had died. Medical records were used to confirm the diagnosis of SMA using the following diagnostic criteria: (1) proximal, symmetrical weakness of the limbs and trunk; (2) muscle atrophy without facial or extraocular involvement; (3) no spasticity, hyperreflexia, sensory loss, or mental retardation; (4) electromyographic studies showing denervation and diminished motor action potential with normal or slow nerve conduction velocities8; and (5) muscle biopsy showing denervation with no evidence of storage material or other structural abnormalities.9
The women were pregnant when requesting prenatal diagnosis. Families were fully counselled before prenatal diagnosis, that is, they were told that it was essential to analyse both parents and their children with the linked probes. It was also explained that the accuracy of prenatal diagnosis would depend on the genetic distance between the markers giving informative meioses and the disease locus (risk calculation).
Methods
Five families were referred for chorionic villus sampling between 9 and 12 weeks of gestation. The villi were examined microscopically to remove maternal decidual contamination. In two families, fetal material was obtained by midtrimester amniotic fluid sampling.
Nuclear DNA was isolated from leucocytes in 20 ml of EDTA blood, lymphoblastoid cell lines, cultured amniotic fluid cells, or chorionic villi by standard proteinase K treatment and phenol-chloroform extraction techniques and digested with the appropriate restriction enzymes. The characteristics of the DNA probes are described elsewhere7 (see appendix). Risk calculations were done with the computer program package LINKAGE.'0
Results
Prenatal diagnosis was achieved with data from DNA markers for all families. Two fetuses were diagnosed as being affected, the remainder as unaffected. FAMILY A First cousin parents, with one type II SMA girl and one healthy girl, requested second trimester prenatal diagnosis. The probes p105-153Ra and plO5-599Ha allowed us to distinguish which of each parent's chromosomes 5 carried the mutant allele (informative meiosis). The family opted for amniotic fluid sampling (figure A). The fetus was diagnosed as being healthy with a high probability (99 9%) and neurological examination at 12 months of age confirmed this.
FAMILY B
A woman with one type I SMA girl presented at 10 weeks of gestation requesting first trimester prenatal diagnosis. The family was informative for diagnosis with the M4 and pl105-153Ra polymorphisms and chose first trimester chorionic villus sampling (figure B). The fetus had inherited chromosomes identical to the affected child. The risk calculation averaged 93% that the fetus would be affected. After counselling, the family chose early suction termination of pregnancy. The product of conception was not suitable for histological examination but has been stored for future analysis.
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FAMILY C
A woman whose first son died of type I SMA presented at 9 weeks of gestation requesting first trimester prenatal diagnosis. DNA genotyping showed the family to be informative for diagnosis with the L407, M4, and p105-153Ra probes (figure C). The fetus had inherited the same maternal haplotype as the proband and a paternal chromosome likely to carry the normal gene. The fetus was diagnosed as being a carrier for SMA with a normal phenotype.
Risk calculation gave a 99 3% chance that the fetus would be normal. Neurological examination and electromyographic study performed at 6 months of age were normal.
FAMILIES D, E, F, AND G
The results of prenatal diagnosis in four additional families (father, mother, and one dead type I child) are shown in the table. The fetus in family F had a high probability of being affected and was aborted. The fetus in family D was diagnosed as being a carrier with a normal phenotype. The fetus in family G had a high probability of being healthy; however, his probability of being a carrier was 50%. In family G, the risk calculation took into account the obligate recombination event between p105-599Ha and p105-153Ra on the maternal allele. Neurological examination was normal at 6 months of age (family G), 7 months of age (family D), and 8 months of age (family E).
Discussion
Until recently, no test was available to allow prenatal diagnosis of SMA in families with a 1 in 4 risk of recurrence. This study shows that prenatal diagnosis of Werdnig-Hoffmann disease has become feasible with different DNA probes linked to the SMA locus. Our experience with the diagnostic application of all available DNA markers clearly illustrates the advantages and problems of this approach. In families A, B, C, D, and E, the predictions of the fetal genotype were straightforward and were confirmed after birth in the unaffected children. However, there are not yet reliable biological or morphological markers to confirm the affected status of the product of conception. In family G, prenatal diagnosis for this partly informative family was Prenatal prediction of Werdnig-Hoffmann disease using linked polymorphic DNA probes DNA genotyping in four SMA families. DNA genotypes are shown with fragment sizes in kilobases. Risk calculations are given with the maximum likelihood estimate (brackets) and upper limit of confidence interval (square brackets). The experience reported here emphasises the problems of this approach. The accuracy of prenatal diagnosis depends on the genetic distance between the markers and the disease locus, on the orientation of the markers and the disease locus (which is estimated from linkage studies), and the structure of the family. The recombination fraction in risk calculation between DNA probes and SMA may be taken either as the maximum likelihood estimate or more conservatively from the upper limits of the confidence interval. The expected number of families that will be informative for diagnosis may be calculated by established methods." In about 52% of cases, both mutant chromosomes can be identified in the parents with at least one of the flanking markers. In these fully informative cases, all affected offspring will be identifiable. In a further 47%, only one parental affected chromosome will be able to be identified with one of the flanking markers. Prenatal diagnosis for these partly informative families can help to predict normal phenotypes. The accuracy of diagnosis of affected offspring could be increased by the other linked probes. Previous analysis of families increases the likelihood of having an optimum set of markers.
The hypothesis of genetic heterogeneity, raised by the observation of unlinked families reported by us7 and Gilliam et al,5 has been suggested. Nevertheless, after clinical reinvestigation of these families, atypical findings were observed in association with spinal cord involvement. These include cardiac conduction abnormalities (A Ottolini, personal communication) and marked facial weakness, cataract, and mental retardation.'2 Thus, genetic heterogeneity can probably be excluded and any unusual presentation of spinal muscular atrophy must be carefully reinvestigated. Strict diagnostic criteria must be followed based on clinical, electromyographic, and muscle biopsy studies before genetic counselling. Another problem is the possible occurrence of phenocopies or recent dominant mutations, suggested by the high incidence of sporadic type II SMA cases, responsible for low segregation ratios. 3'4 Thus, in pedigrees without clear evidence of autosomal recessive inheritance, genetic counselling remains difficult.
Finally, many women have no living affected child which emphasises the importance of DNA banks being established from affected subjects, especially those with SMA type I whose life expectancy is quite short. For this reason, a comprehensive programme of family studies and DNA storage has been undertaken in several countries. When blood, muscle, or other tissue samples are not available from dead affected children, blood collected on filter paper blotters and stored at room temperature (Guthrie cards) can be helpful, since genotypic determination has now become available by PCR amplification using microsatellites.5'17 Eventually, the isolation of new polymorphic DNA probes closer to the SMA locus and the identification of the SMA gene itself will allow completely accurate diagnosis.
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APPENDIX
The characteristics of DNA polymorphism markers have been previously reported.7 The most likely order of loci is D5S76-D5S63-D5S6-SMA-D5S39-D5S51. The maximum likelihood estimate of the recombination fraction (0) between the marker and the SMA locus was obtained from linkage study in 52 SMA families each containing at least two
